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Abstract
Despite covering vast areas of boreal North America, the ecological factors structuring mycorrhizal fungal communities in
peatland forests are relatively poorly understood. To assess how these communities vary by age (younger vs. mature), habitat
(fen vs. bog), and host (conifer trees vs. ericaceous shrub), we sampled the roots of two canopy trees (Larix laricina and Picea
mariana) and an ericaceous shrub (Ledum groenlandicum) at four sites in northern Minnesota, USA. To characterize the specific
influence of host co-occurrence on mycorrhizal fungal community structure, we also conducted a greenhouse bioassay using the
same three hosts. Root samples were assessed using Illumina-based high-throughput sequencing (HTS) of the ITS1 rRNA gene
region. As expected, we found that the relative abundance of ectomycorrhizal fungi was high on both Larix and Picea, whereas
ericoid mycorrhizal fungi had high relative abundance only on Ledum. Ericoid mycorrhizal fungal richness was significantly
higher in mature forests, in bogs, and on Ledum hosts, while ectomycorrhizal fungal richness did not differ significantly across
any of these three variables. In terms of community composition, ericoid mycorrhizal fungi were more strongly influenced by
host while ectomycorrhizal fungi were more influenced by habitat. In the greenhouse bioassay, the presence of Ledum had
consistently stronger effects on the composition of ectomycorrhizal, ericoid, and ericoid-ectomycorrhizal fungal communities
than either Larix or Picea. Collectively, these results suggest that partitioning HTS-based datasets by mycorrhizal type in boreal
peatland forests is important, as their responses to rapidly changing environmental conditions are not likely to be uniform.
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Introduction

Peatland forests cover vast areas of the boreal North
America (Wieder and Vitt 2006). These areas are charac-
terized by high water tables, which favors the growth of
peat-forming Sphagnum. Although the accumulation of

peat makes these habitats globally important as carbon
sinks (Gorham 1991), plant species richness is typically
low, with only a handful of conifers, ericaceous shrubs,
and graminoids present (Wright et al. 1992). The structure
of peatland forest vegetation is spatially heterogeneous and
strongly associated with local hydrologic conditions
(Heinselsman 1970). In bogs, where water comes from rain
or snow rather than groundwater inputs, pH and nutrient
availability are both low. As such, the bogs in boreal North
American peatland forests are characterized by thick erica-
ceous shrub understory and Picea mariana as the dominant
canopy tree. In contrast, in fens, where springs or streams
are the primary water sources, there is less acidity and
richer nutrient conditions. The fens in North America have
a correspondingly higher density of Larix laricina as the
dominant canopy tree and lowered presence of ericaceous
shrubs. In terms of succession, peatland forests transition
from fens to bogs (and thus from L. laricina to P. mariana
and more ericaceous shrubs in North America), with fire
facilitating conifer re-establishment by removing the thick
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soil organic layer (i.e., peat) that develops over time
(Johnstone and Chapin 2006; Collier and Mallik 2010).

While the structure and dynamics of the vegetation in
peatland forests are relatively well understood, much less is
known about the fungal communities present in these forests.
Globally, culture- and sporocarp-based estimates of fungal
diversity in peatlands are in the hundreds of species
(Thormann and Rice 2007), but recent molecular studies sug-
gest these communities may be even richer (Sun et al. 2016;
Asemaninejad et al. 2017; Hiiesalu et al. 2017). The compo-
sition of the fungal communities in peatland forests appears to
be affected by ecological factors similar to those in adjacent
upland habitats, although community composition is often
notably different (Wurzburger et al. 2004; Hiiesalu et al.
2017). For example, in a Finnish peatland forest, Sun et al.
(2016) found that peatland soil fungal community composi-
tion was significantly influenced by which ectomycorrhizal
host tree species was locally dominant and that human-
caused alteration of hydrological conditions also modified
fungal community structure. Microscale habitat variation has
also been shown to be important, as Asemaninejad et al.
(2017) found that hummocks (i.e., raised areas of peat) har-
bored significantly richer fungal communities than adjacent
hollows (i.e., areas of peat closer to the water table). Despite
these recent insights, how the fungal communities in peatland
forests vary at larger spatial and temporal scales (e.g., between
fens and bogs or between younger and mature forests) remain
poorly described, particularly using high throughput sequenc-
ing methods that can more accurately capture the high diver-
sity present in most fungal communities (Peay et al. 2016).

The positioning of peatland forests in North America at
high latitudes also makes these forests particularly susceptible
to altered environmental conditions associated with climate
change (Serreze et al. 2000). In particular, these forests are
experiencing a greater degree of temperature warming com-
pared to forests at lower latitudes, which has been previously
shown to inhibit the performance of cold-adapted plant spe-
cies (Reich et al. 2015). Altered plant performance due to
warming has been shown to have significant effects on root-
associated fungal communities, particularly mycorrhizal fungi
(Clemmensen et al. 2006; Deslippe et al. 2011), which result
in feedbacks that may further alter vegetation structure
(Fernandez et al. 2017). Although there is growing interest
in understanding fungal responses to climate change (Mohan
et al. 2014), basic knowledge about mycorrhizal fungal com-
munity distributions along different ecological niche axes
such as forest age, habitat, and host in peatland forests is still
limited. In particular, there has been no specific focus on de-
termining whether different types of mycorrhizal fungi (e.g.,
ectomycorrhizal vs. ericoid) have similar or contrasting re-
sponses to shared ecological niche axes.

To investigate how the mycorrhizal fungal communities in
peatland forests in North America vary by age, habitat, and

host, we conducted a field sampling in northern Minnesota of
two canopy trees (Larix laricina and Picea mariana) and an
ericaceous shrub (Ledum groenlandicum). We used a high-
throughput amplicon sequencing approach (a.k.a. DNA
Bmetabarcoding^) to characterize the mycorrhizal fungal com-
munities present on roots of different hosts from fen and bog
habitats as well as peatland forests of different ages. Although
this correlative approach can help determine the relative im-
portance of various ecological factors, because both abiotic
conditions and host dominance change across habitats, exper-
imental assays are needed to better understand how the co-
occurrence of different hosts affects mycorrhizal fungal com-
munity structure. This is particularly important in regard to
assessing the specific effects of ericaceous shrubs, which are
known to produce allelopathic substances that inhibit
ectomycorrhizal host recruitment (Mallik 2003). Thus, to ad-
dress how host neighborhood effects influence mycorrhizal
community richness and composition, we also conducted a
greenhouse bioassay involving all single, two-, and three-
way combinations of the three hosts sampled in the field study.
We hypothesized that the richness and relative abundance of
ectomycorrhizal (ECM) and ericoid (ERM) mycorrhizal fun-
gal communities would correspond with known host abun-
dances. Further, we predicted that both forest age and habitat
would significantly influence mycorrhizal community compo-
sition but that the effects may be greater for ECM than ERM
fungi, given their greater species diversity and higher host
specificity. Finally, in the greenhouse bioassay, we expected
that the presence of Ledum would significantly alter the rich-
ness and composition of Picea and Larix ECM fungal com-
munities but that the effects would be lower in the three- than
either two-host combination.

Materials and methods

Field sampling

The field sampling was conducted at the Marcell Experiment
Forest, approximately 40 km north of Grand Rapids,
Minnesota, USA (47° 30.17′ N, 93° 28.97′ W). This area is
characterized by a boreal climate, with extended cold winters
and cool summers (mean annual temperature = 8.3 °C, mean
annual range = − 2.7–19.4 °C, mean annual precipitation =
2.4 cm as rain and 33 cm as snow). The south unit of
Marcell contains multiple bogs and fens that have been the
subject of long-term ecological research of peatland hydrolo-
gy and ecology (Kolka et al. 2011). Our sampling targeted
four of those sites, S1, S2, S3, and S6, which are located ~
1–5 km apart from one another (https://www.nrs.fs.fed.us/ef/
marcell/sites/). The S1 site is a bog that was logged in 1972
and the current location of the Spruce and Peatland Responses
Under Changing Environments (SPRUCE) experiment
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(Hanson et al. 2017). We sampled an area of the bog 50–
150 m north of the SPRUCE experiment where there has been
no disturbance associated with the project, but the vegetation-
al composition, hydrology, and edaphic factors are very sim-
ilar. Vegetation in the S1 bog consists of a nearly equal mix of
Larix laricina and Picea mariana as the only tree species, and
a rich ericaceous shrub layer in which Ledum groenlandicum
(a.k.a. Rhododendron groenlandicum) is very common. The
S2 bog site consists of a more mature monodominant Picea
mariana canopy and abundant Ledum groenlandicum in the
ericaceous understory that naturally established following a
major fire in 1864. The S3 site, which is immediately south
of the more well-studied S3 fen, was established after logging
in 1972 and consists of a low-density monodominant canopy
of Larix, a very limited presence of Ledum groenlandicum and
no Picea mariana individuals. Lastly, the S6 bog also natural-
ly established following the 1864 fire and consists of a nearly
equal mix of Larix laricina and Picea mariana as the only tree
species along with abundant Ledum groenlandicum in the
ericaceous understory.

We visited Marcell Experimental Forest in May 2015 to
conduct our field sampling (Fig. S1). At each site, we took
10 samples from each host when possible (S1: 10 Larix, 10
Picea, 10 Ledum; S2: 10 Picea, 10 Ledum, S3: 10 Larix, 2
Ledum, S6: 10 Larix, 10 Picea, 10 Ledum). Individual sets of
samples of the hosts (triplicates or pairs depending on host
presence) were taken within two meters of each other, to max-
imize the potential for the root systems of the different hosts to
overlap, which has been previous shown to play an important
role in host specificity patterns (Bogar and Kennedy 2013).
Sets of samples within each site were located at least 10 m
apart to ensure spatial independence (Tedersoo et al. 2010).
Root samples were collected by pushing back the upper peat
layer, visually searching for roots, and then taking bulk col-
lections of root-containing peat from a ~ 1000 cm3 volumes.
Samples were placed in sterile plastic bags and transported on
ice back to the laboratory the same day. Within 48 h, roots
were carefully separated from adhering peat bymultiple wash-
ings in tap water. Cleaned roots were then sorted by host based
on macromorphology (Fig. S2) and dried at 40 °C for 36 h.
Once dried, the roots were stored in envelopes at room tem-
perature prior to molecular analysis.

Greenhouse bioassay

In June 2015, we established a bioassay at the University of
Minnesota growth facilities (hereafter greenhouse) to further
examine the effects of host co-occurrence on mycorrhizal fun-
gal community structure. For this assay, we purchased
12 month nursery grown seedlings of Larix laricina and
Picea mariana from the Minnesota Department of Natural
Resources (Akeley, MN, USA) and ~ 8-year Ledum
groenlandicum shrubs from a nursery in Washington State,

USA (Keeping it Green Nursery, Standwood, WA). We first
carefully removed all soil from the root systems for each seed-
ling and shrub and then planted the three hosts into seven
different treatment combinations: (1) Larix alone, (2) Picea
alone, (3) Ledum alone, (4) Larix and Picea, (5) Larix and
Ledum, (6) Picea and Ledum, and (7) Larix, Picea, and
Ledum. The seedlings were planted into 4-L plastic pots con-
taining a 2:1 mix of sterilized peat moss and potting soil. To
provide a local source of mycorrhizal inoculum, we sampled
similarly sized clumps of root-containing peat (6 cm × 6 cm ×
6 cm) from Beckman Bog at the Cedar Creek Ecosystem
Science Reserve (45° 25.455′ N, 93° 11.113′ W, East Bethel,
MN, USA). Equal amounts of this inoculum were added into
each pot next to the roots of the host plants. Treatments were
replicated five times and watered consistently to maintain high
soil moisture content. In January 2016 (experiment duration =
~ 7 months, greenhouse temperature = 23.8 °C (day) to
12.8 °C (night)), all plants were removed and their roots were
carefully sorted using the same methods as in the field sam-
pling. There was somemortality in the experiment, so the final
sample sizes by host treatment were: Larix alone = 5, Picea
alone = 4, Ledum alone = 5, Larix and Picea = 4, Larix and
Ledum = 4, Picea and Ledum = 5, and Larix, Picea, and
Ledum = 3.

Molecular analyses

To identify the mycorrhizal fungi present on Larix, Picea, and
Ledum roots, whole roots from each sample was first gently
crushed inside of their storage envelopes to separate smaller
mycorrhizal colonized roots from the larger non-colonized
coarse roots. Twenty milligrams of the smaller fine root por-
tion was placed in screw-cap tubes with glass beads and ho-
mogenized for 1 min via bead beating at continuously variable
shaking speeds of 2000–3450 strokes per minute (BioSpec
Products, Bartlesville, OK, USA). Total genomic DNA was
extracted from each homogenized root sample independently
using a standard CTAB-chloroform extraction method de-
tailed in Kennedy et al. (2003). ITS1 rDNAwas PCR ampli-
fied for each sample using a barcoded fungal-specific ITS1F-
ITS2 primer set (Smith and Peay 2014) using a Hot Start Taq
polymerase with proofreading capability. Annealing tempera-
tures were set to 54 °C and cycled 30 times. Amplified prod-
ucts were cleaned using the Charm BJust-A-Plate^ cleanup kit
(Charm Biotech, San Diego, CA, USA) and quantified using a
Qubit 2.0 dsDNA HS Fluorometer (Life Technologies,
Carlsbad, CA, USA). Individual field and greenhouse libraries
were pooled at equimolar concentration and sequenced at the
University of Minnesota Genomics Center using the 2 ×
250 bp paired-end MiSeq Illumina platform. Raw sequences
and associated metadata were deposited in the NCBI Short
Read Archive (BioProject #: PRJNA430245).
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Fungal sequences were processed using the FAST pipeline
version 1.102 (https://github.com/ZeweiSong/FAST). After
demultiplexing, primers were trimmed using Cutadapt
(Martin 2011), forward and reverse reads were paired using
PEAR (Zhang et al. 2013), and the SSU and 5.8S gene regions
were removed. Low-quality sequences were removed using
the criteria maximum expected error rate = 1 and singletons
discarded following dereplication. Chimeras were detected
and eliminated using VSEARCH (https://github.com/
torognes/vsearch) and the UNITE v7.1 database (Kõljalg
et al. 2013). The remaining sequences were clustered into
operational taxonomic units (OTUs) at 97% similarity using
the VSEARCH greedy algorithm. To remove possible non-
fungal OTUs, only those matching the UNITE database at
75% match over 70% of their length were retained (as in
Tedersoo et al. 2014). Taxonomy was assigned using
VSEARCH. Following the recommendation of Lindahl et al.
(2013), all cells in this initial OTU × sample matrix with less
than three reads were zeroed.

Mycorrhizal fungal OTUs were separated from those be-
longing to other fungal guilds using the online tool FUNGuild
(Nguyen et al. 2016, www.funguild.org). For the mycorrhizal
OTU × sample matrix, we included all OTUs that FUNGuild
assigned as having a Bhighly probable^ and Bprobable^
likelihood of being an arbsucular mycorrhizal (AM),
ectomycorrhizal (ECM), or ericoid (ERM)mycorrhizal fungal
taxon. We also included a fourth category for mycorrhizal
OTUs that are known to colonize both ericoid and
ectomycorrhizal hosts (hereafter referred to ericoid-
ectomycorrhizal, ERM-ECM). For all OTUs that had a
Bpossible^ mycorrhizal designation, we checked the species-
level matches and removed any OTU that matched more
closely to non-mycorrhizal than mycorrhizal fungal se-
quences. Among the OTUs that were unassigned in
FUNGuild, we determined that some were likely mycorrhizal
despite not being assigned to that guild (due to missing
family- and/or genus-level taxonomy). We therefore checked
the individual UNITE database species hypotheses (SH in
Kõljalg et al. 2013) for the 49 unassigned OTUs with se-
quence read abundances over 5000 reads (which represented
90% of all unassigned sequences). We were able to reassign
28 of the 49 OTUs to one of three dominant mycorrhizal types
(ECM, ERM, or ERM-ECM), which combined with assigned
OTUs, totaled 90% of all sequences passing quality filtering.
The resulting mycorrhizal fungal OTU × sample matrices,
which include both taxonomic identification and mycorrhizal
type assignment for each OTU, for the field and greenhouse
datasets are provided in Tables S1 and S2, respectively.

Statistical analyses

Due to differences in the total sequence reads per sample, we
rarefied the field and greenhouse matrices to 7500 and 500

sequences per sample, respectively. (This eliminated one sam-
ple for the field dataset and five from the greenhouse dataset.)
For the field sampling, the four sites were grouped by three
ecological categories: age (45 vs. 150 year olds, hereafter
referred to as younger vs. mature), habitat (fen vs. bog), or
host (Larix vs. Picea vs. Ledum) (Table S3). To examine the
effects of each of these factors on mycorrhizal fungal OTU
richness and relative abundance, we conducted a series of t
tests and ANOVAs, with mycorrhizal type (i.e., ECM, ERM,
ERM-ECM) analyzed separately. Prior to running the statisti-
cal tests, variances were checked and transformed to meet
assumptions of homogeneity. To examine the effects of age,
habitat, and host on mycorrhizal fungal community structure
by type, we used two related analyses. The first was a permu-
tational multivariate analysis of variance (PERMANOVA)
using the adonis function in the Bvegan^ package in R (R
Core Team 2014; Okansanen et al. 2016). The data were first
converted into Bray-Curtis dissimilarity matrices following
Hellinger transformations and then run in individual models
that included all three main effects (i.e., age, habitat, and host)
set at 999 permutations. Due to lack of adequate replication,
we did not include any interaction terms. We next applied the
betadisper function in vegan, which assesses the degree to
which the significant PERMANOVA results are determined
by differences in multivariate centroid location or dispersion.
Visualizations corresponding to these analyses were generated
using themetaMDS function in vegan. To examine the relative
importance of age, habitat, and host on the community struc-
ture of the dominant three mycorrhizal types (ECM, ERM, or
ERM-ECM), we used the varpart function in vegan. We then
used the indispecies function in vegan to determine which
mycorrhizal species (based on the taxonomy assigned to the
OTUs) were significantly associated with each ecological
grouping variable (i.e., age, habitat, and host). We repeated
the same sets of analyses for the greenhouse bioassay dataset,
using host and host presence as the grouping variables. For the
former, this meant analyzing the ECM, ERM, or ERM-ECM
fungal communities present on a specific host, whereas for the
latter we analyzed the entire ECM, ERM, or ERM-ECM my-
corrhizal community present in samples when a particular host
was present or absent.

Results

Following quality filtering, 387 mycorrhizal OTUs delineated
from 3,303,370 sequences in the field study. Of these, 322
OTUs were included when all samples were rarefied to a
depth of 7500 sequences/sample. The majority of the OTUs
were ECM, although the most frequently encountered fungus
was an ERM-ECM OTU (Helotiales sp. SH205746.07FU)
and the most abundant was an ERM OTU (Meliniomyces sp.
SH181110.07FU) (Fig. 1). Arbuscular mycorrhizal (AM)
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fungi were also present, with 12 OTUs total, but their relative
abundance was extremely low (mean relative abundance/sam-
ple = < 0.0001%). As such, no further analyses were conduct-
ed on AM fungi.

The richness and abundance of the different mycorrhizal
types varied by forest age, habitat, and host (Table 1(A)). OTU
richness was significantly lower in young than mature forests
for ERM fungi, but not significantly different for ECM or
ERM-ECM fungi. Between bog and fen habitats, OTU rich-
ness was significantly lower for both ERM and ERM-ECM
fungi in the fen, but not significantly different for ECM fungi.
Between bog and fen habitats, OTU richness was significantly
lower for both ERM and ERM-ECM fungi in the fen, but
equivalent for ECM fungi. Across hosts, there was significant-
ly greater OTU richness for ERM fungi on Ledum than either
Picea or Larix and significantly greater OTU richness for
ERM-ECM fungi on Larix than Picea, but no significance
among hosts for ECM fungi. None of the mycorrhizal types
varied significantly in relative abundance by either age or
habitat, but ECM fungal relative abundance was significantly
higher on both Larix and Picea than Ledum, while ERM fun-
gal relative abundance was significantly higher on Ledum than
Larix and Picea (Table 1(A)). There was also significantly
greater relative abundance of ERM-ECM fungi on Picea than
Larix.

Forest age, habitat, and host also significantly influenced
the composition and dispersion of all three mycorrhizal types
(Fig. 2), with each of three predictor variables being signifi-
cant in all of the PERMANOVAmodels (Table 2(a)). Between

mature and young forests, there were significant differ-
ences in community dispersion for ECM fungi, but not
for ERM or ERM-ECM fungi (Table 2(a)). By habitat,
community dispersion was significant for both ECM and
ERM fungi, but not for ERM-ECM fungi. Across all three
mycorrhizal types, there were also significant differences
in community dispersion by host. The amount of variation
in community composition explained by age, habitat, and
host varied among mycorrhizal types (Fig. 3). For ERM
and ERM-ECM fungal communities, host explained at
least twice the amount of variation as either age or habitat
and, cumulatively, these three variables explained be-
tween 27 and 32% of the variation. In contrast, for ECM
fungal communities, habitat accounted for the largest
amount of variation in community composition, although
the total amount of variation explained by these three
variables was lower relative to other guilds (18%).

Many mycorrhizal fungal species were significantly asso-
ciated with specific forest ages, habitats, and hosts (Table 3).
Larix hosted the greatest number of indicator species (24),
followed by Ledum (7) and Picea (6). Many Larix-associated
species included known ECM fungal specialists in the genus
Suillus, although two ERM-ECM species were also part of
this group. Members of the ECM genus Cortinarius formed
significant associations with Picea, while on Ledum, the sig-
nificant associations primarily involved Sebacinalean ERM
fungi. Because the fen was dominated Larix (i.e., it had only
two Ledum and no Picea samples), many of the association
patterns for the fen tracked those of Larix. By age, patterns of
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association were dominated by differences in ECM fungi,
with the young forests having many significant associations
with Suillus and Lactarius species and the old forests associ-
ating with Cortinarius and Craterellus species.

In the greenhouse bioassay, there were a total of 147 OTUs
delineated from the 1,573,539 sequences that passed quality
filtering. A total of 41 OTUs remained after samples were rare-
fied to a depth of 500 sequences/sample. OTU richness varied
depending on host species as well as host presence across the
three dominant mycorrhizal types (Table 1(B)). By host species,
OTU richness of ERM fungi was significantly higher on Ledum
than Larix and Picea but did not vary significantly for either
ECM or ERM-ECM fungi. Similarly, when grouped by host
presence, OTU richness significantly increased when Ledum
was present for ERM fungi, but not for ECM or ERM-ECM
fungi. The presence of Larix did not significantly influence the
OTU richness for any mycorrhizal type, while the presence of
Picea significantly decreased the OTU richness for ERM fungi.
As in the field study, OTU relative abundance tracked known
host associations, with ECM fungi having significantly higher
abundance on Larix and Picea than Ledum and ERM fungi

having significantly higher abundance of Ledum than Larix or
Picea. For ERM-ECM fungi, there was also a significantly
greater abundance on Ledum than Larix (Table 1(B)).

Host and host presence also influenced mycorrhizal fungal
community composition in the greenhouse bioassay (Fig. S3;
Fig. 4, respectively). In the PERMANOVA models, host was a
significant predictor of composition for all three mycorrhizal
types (Table 2(b)). Similarly, the presence ofLedum significantly
affected community composition for all threemycorrhizal types.
ThepresenceofLarixandPicea, however,had lessereffects,with
only ECM fungal community composition being influenced sig-
nificantly by Larix presence. In all cases, community dispersion
wasnot significantlydifferent byhost. In contrast,Larixpresence
only significantly influenced ECM community composition and
Picea presence had no significant effects.

Discussion

Both ECM and ERM fungi have long been recognized to play
a major role in plant nutrient acquisition in highly organic

ECM − Age
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Younger

ERM − Age

Mature

Younger

ERM−ECM − Age
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Younger

ECM − Habitat

Bog

Fen
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ERM−ECM − Habitat
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ERM − Host
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Fig. 2 Non-metric multidimensional scaling plots of mycorrhizal fungal
community composition by age (younger v. mature), habitat (fen v. bog),
and host (Larix vs. Ledum vs. Picea) in the field sampling. Circles

represent standard deviation ellipses to better visualize community
dispersion. ECM ectomycorrhizal, ERM ericoid, ERM-ECM ericoid-
ectomycorrhizal
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soils, including those found in peatland forests (Read and
Perez-Moreno 2003). In many forests, particularly at higher
latitudes, both host types frequently co-occur (Read 1991).
What has been less clear to date is how these functionally

similar mycorrhizal types respond to shared ecological niche
axes. The results of our study suggest that despite notable
overlap in host distributions, the ECM and ERM fungal com-
munities in peatland forests respond differently to forest age,
habitat, and host species.

The strong effects of host species are not surprising given
the known affiliations of ECM and ERM fungi for the hosts
sampled. That said, the contrasting patterns of OTU richness
and relative abundance by host revealed interesting differ-
ences in the association capacities of ECM and ERM fungi.
In both the field sampling and the greenhouse bioassay, ECM
fungal OTU richness on Ledum (a known ericaceous host)
was largely equivalent to that on Larix and Picea (known
ectomycorrhizal hosts). These results are consistent with other
studies demonstrating that ericaceous hosts can host ECM
fungi, particularly Arbutus and Arctostaphylos species, which
form ecto-endomycorrhizas with many ECM fungi (Molina
and Trappe 1982; Horton et al. 1999; Kennedy et al. 2012).
Relatively high ECM fungal richness has also been noted on
ericaceous shrubs in US forests (Dighton and Coleman 1992;
Smith et al. 1995) and arctic habitats (Lorberau et al. 2017). In
contrast to the OTU richness patterns we observed, however,
the notably low relative abundance of ECM fungi on Ledum
compared to Larix and Picea (Read 1991; Serreze et al. 2000;
Read et al. 2004; Wieder and Vitt 2006; Kolka et al. 2011)
suggests that these ECM associations were limited in extent.
Others have similarly found that ECM fungi can weakly col-
onize non-traditional hosts (Duddridge 1986; Smith et al.
1995), possibly due to greater carbon access from overstory
hosts (Hogberg et al. 1999). It should also be noted that with-
out observing Hartig nets, the limited colonization patterns
could just reflect surface level colonization of alternative hosts
rather than functional ectomycorrhizas. In contrast to ECM
fungi, the patterns for ERM fungi were narrower in terms of
host association. Specifically, both OTU richness and relative
abundance were high only on Ledum. Understanding why
these ERM fungi are less able to colonize ECM hosts is an
important direction of future research, as a number of related
fungi are able to successfully associate with both types of
hosts (i.e., ERM-ECM fungi).

With regard to habitat, differential host abundance (i.e., the
absence of Picea and very limited Ledum presence in the fen)
could, in part, explain the overall differences in ECM, ERM,
and ERM-ECM fungal OTU richness and community com-
position. However, when only the mycorrhizal communities
on Larix in young forests were compared, there were still
significant differences in OTU richness for all three types of
mycorrhizal fungi. ECM fungal OTU richness more than dou-
bled in the fen, whereas the ERM and ERM-ECM fungal
OTU richness dropped by more than half (Fig. S4). These
differences are likely associated with significant changes in
abiotic factors between fens and bogs (e.g., pH and nutrient
availability; Glaser 1987), which are known to affect the
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Table 2 Summary of adonis and betadisper analyses of the effects of
age, habitat, and host on mycorrhizal fungal community composition in
the (a) field sampling and (b) greenhouse bioassay

A. Age Habitat Host

Adonis

ECM *** *** ***

ERM ** *** *

ERM-ECM *** *** ***

Betadisper

ECM *** *** ***

ERM ns ns **

ERM-ECM ns ns *

B. Host Ledum present Larix present Picea present

Adonis

ECM *** * *** ns

ERM *** *** ns ns

ERM-ECM * * ns ns

Betadisper

ECM ns * ** *

ERM ns *** na na

ERM-ECM ns ns na na

ns not sig, na not attempted, ECM ectomycorrhizal, ERM ericoid, ERM-
ECM ericoid-ectomycorrhizal.

*< 0.05; **< 0.01; ***< 0.001 significance codes
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richness and abundance of both mycorrhizal types
(Wurzburger et al. 2011; Suz et al. 2014). Similarly, the effect
of forest age was also still significant when comparing only
the younger and mature sites in which all hosts were present
(S1 vs. S6; Fig. S5). Although a significant increase in ECM
fungal OTU richness in mature forests does match with some
other studies (Vasser et al. 1995; Twieg et al. 2007), how forest
age affects ERM fungal OTU richness is less well understood.
Dickie et al. (2013) suggested ERM diversity may increase
rather than decline with forest age, due to the buildup of or-
ganic matter. Regardless of the specific mechanisms driving
these differences, our additional analyses, while limited in site
replication, further support the overall results that different
mycorrhizal types vary in their responses to shared ecological
niche axes.

Forest age, habitat, and host also differentially influenced
mycorrhizal community structure. This effect for both ECM
and ERM fungi appeared to be largely a combination of differ-
ences in composition (i.e., location of grouping variable cen-
troids in multi-dimensional space) as well as dispersion (i.e.,
spread around each grouping variable in multi-dimensional

space) for all three factors. For age, we observed that commu-
nity dispersion was typically greater in the younger forests,
which may reflect increasing abiotic filtering effects as bogs
age (i.e., increasing acidity and correspondingly lower nutrient
availability; Heinselsman 1970). For habitat, ECM fungal OTU
richness was much higher in the fen, but community dispersion
was much lower. We speculate that this may be due to the fact
that the bogs contain both Larix andPicea hosts, while fens only
contained Larix. This may lower root competition in the fen,
which could increase ECM species richness, while at the same
time selecting for a more uniform community, including a num-
ber of Larix ECM specialists. Finally, there were also differ-
ences in mycorrhizal community composition and dispersion
by host. As with habitat, we believe that the higher dispersion
on Larix for ECM fungi likely reflects host occurrence in both
fens and bogs, while the tight constraint on ERM fungal com-
munities on Ledum could reflect a combination of relatively low
overall OTU richness and a particularly high abundance of a
single ERM OTU.

Our redundancy analysis, which we used to assess
the relative importance of age, habitat, and host as
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factors influencing mycorrhizal community structure,
was largely consistent with current knowledge about
both ECM and ERM fungal communities. In particular,
previous studies have found that there is often consid-
erable overlap in the ECM fungal communities of co-
occurring conifers (Horton and Bruns 1998; Cullings
et al. 2000; Horton et al. 2005). This likely explains
why habitat had a greater effect, despite both Larix
and Picea had some ECM taxa that exhibited notable
host preference. With regard to patterns of host speci-
ficity, members of the ECM fungal genus Suillus, which
are considered Larix specialists in this system, did have
sequence reads in both Ledum and Picea host samples.
The read counts on these two alternative hosts, howev-
er, were significantly lower than in Larix samples in the
field study and they were functionally absent from the
S2 site (where Larix was naturally absent) as well as
when Larix seedlings were absent in the greenhouse
bioassay (Table S4). Collectively, this suggests that
Picea is only likely to be a host of Suillus ECM fungi
in forests where other conifer hosts (Larix, Pseudotsuga,
or Pinus) are also present (Wurzburger et al. 2004;
Nguyen et al. 2016). For ERM fungi, the strong host
effect we observed is inconsistent with the current liter-
ature for this mycorrhizal type, which suggests that host
specificity among ERM hosts is low (Leopold 2016).
Instead, as noted above, our result is likely due to the
limited compatibility between these fungi and ECM
hosts.

The results of the greenhouse bioassay largely mirrored the
field sampling in terms of the trends in OTU richness and
relative abundance for all three mycorrhizal types. This sug-
gests that even though the seedlings had some prior mycor-
rhizal colonization and the experiment lasted only 7 months,
the results we obtained captured realistic ecological dynamics.
Interestingly, the presence of Ledum hadmuch stronger effects
of mycorrhizal community composition than either Larix or
Picea. We speculate that this may be due to the older age of the
Ledum individuals, which had root systems that were approx-
imately twice as large as the conifers at the beginning of the
experiment. Previous work has shown that while ericaceous
shrubs can inhibit the growth of ECM hosts (Mallik 2003),
some mycorrhizal fungi have the ability to counteract the al-
lelopathic effects of Kalmia and Ledum plants. In our study,
we found that two ECM taxa in the genus Suillus (S. elbensis
and S. ampliporus) and four in the order Sebacinales (group
B) were significantly associated with Ledum presence
(Table S5). Since none of these taxa have been tested in prior
mycorrhizal-mediated allelopathy assays, the Suillus species,
in particular (which readily colonize seedlings via spore inoc-
ulation), may represent promising new species for nursery
inoculations to facilitate conifer re-establishment in areas
currently dominated by ericaceous shrubs.

Conclusions

Given the disproportionate effects of climate warming at high
latitudes, the mycorrhizal fungal communities in boreal
peatland forests are currently experiencing significant changes
in environmental conditions. Our study provides an important
characterization of these mycorrhizal fungal communities and
explores the relative effects of different ecological niche axes.
Large-scale experiments such as SPRUCE (Hanson et al.
2012) have been initiated to better understand the effects of
increased warming and higher carbon dioxide concentrations.
We believe that mycorrhizal fungi will likely play an impor-
tant role in peatland forest responses, both as symbionts aiding
plant nutrient acquisition as well as effectors of decomposition
dynamics (Read et al. 2004; Fernandez and Kennedy 2016).
In particular, our results suggest that paying specific attention
to different mycorrhizal types is important, as their responses
are not likely to be uniform. Future studies examining finer-
scale intervals across these ecological niche axes as well as
possible interactions among different ecological factors will
be important in better identifying the specific environmental
conditions that structure belowground community dynamics
of peatland forest ecosystems.
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